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Abstract
The regional-scale Eulerian model, the United States Environmental Protection Agency's Community Multiscale Air Quality (CMAQ) model is used to study concentrations and dry deposition of nitrogen species for North Carolina during the summer season. Model predictions were generally less than observations (except [NO Y ]). Each modeled and measured species featured a similar diurnal trend. A process budget analysis (production and removal evaluation) of NO, NO 2 , and NO Y depicted the model's capability to evaluate various process contributions.
Dry deposition rates of NO, NO 2 , HNO 3 and NH 3 were calculated using CMAQ, in conjunction with measured wet deposition rates of NO 3 -and NH 4 + facilitating an assessment of sources, characteristics and impacts of atmospheric nitrogen deposition in North Carolina (NC). Dry deposition of NH 3 contributed 34.2 ± 57.9 µg N m -2 hr -1 ; whereas HNO 3 contributed slightly larger dry deposition of nitrogen, 35.2 ± 16.0 µg N m -2 hr -1 , in NC. NH 4 + and NO 3 -hourlyaveraged wet deposition fluxes were calculated as 37.3 ± 19.7 µg N m -2 hr -1 and 40.6 ± 11.8 µg N m -2 hr -1 , respectively. Within the total nitrogen deposition during the summer season in NC, NH 3 contributes approximately 50% of dry deposition and NO 3 -contributes approximately 50% wet deposition. In addition, model assessments of atmospheric inputs (nitrogen loading) into the Neuse River Estuary in North Carolina revealed that NH 3 is the largest contributor to dry deposition fluxes in the Neuse River basin, making up approximately 47% of the total.
Introduction
Nitrogen oxides (NO X ), which play an important role in atmospheric chemistry, have been the focal point of research associated with atmospheric nitrogen compounds in relation to their small-scale processes (spatial and temporal) of turbulent mixing and dispersion e.g. emission and deposition. NO X are attributed to photochemical smog, acid rain, contamination of drinking water (nitrate), and ozone causing impacts to human health and environmental ecosystems (Erisman et al., 1998) . Tropospheric NO X acts as one key precursor to tropospheric ozone (Albritton et al., 1994; Liu et al., 1980; Liu et al., 1987; Logan, 1983) which is known to reduce plant production in sensitive ecosystems. An increase in NO X emissions in the southeast United States (which is NO X limited) is predicted to result in an increase in tropospheric ozone concentrations (Southern Oxidant Study, 1993) . The United States has recognized these environmental issues since the promulgation of the Clean Air Act and its Amendments (CAAA, last amended in 1990), which addresses and regulates outlined criteria pollutants (Carbon Monoxide (CO), Nitrogen dioxide (NO 2 ), Sulfur Dioxide (SO 2 ), Ozone (O 3 ), Lead (Pb), and
Particulate Matter (PM 10 and 2.5)).
The global tropospheric source strength of NO X is estimated to be approximately 45 Tg yr -1 with associated sinks (wet and dry deposition) of approximately 43 Tg yr -1 (Lee et al., 1997; Logan, 1983; Warneck, 2000) . Total nitrogen emissions have been estimated approximately at 0.3 Tg yr -1 in North Carolina (NCDA, 1996) . In North Carolina, the percent of nitrogen emissions from NO X is estimated at 55%, while the percent of nitrogen from NH 3 is estimated at 45%. Likewise, in NC, estimates reveal that intensive animal agriculture (namely, swine production facilities) contributes approximately 46% of the NH 3 -N emissions (NCDENR, 1999) .
Currently, NC is ranked second in the nation, behind Iowa, for swine production with approximately 2500 hog farms located in eastern NC (NCDA, 1998) . These areas of scattered local sources contribute a wide range of NH 3 emission and dry deposition.
Areas of scattered local sources (NO X and its reduced forms (NH 3 )) contribute a wide range of emission and dry deposition. Models need to consider and be able to model dry deposition of certain species (e.g. nitrogen species) close to the source as well as gradients of deposition from emission areas into sensitive ecosystems (Asman, 2001) . Some of the models have acquired the capability to evaluate and produce deposition features on timescales of days, months, and years. These capabilities extend to assessing differences between short and long term deposition and their affects on sensitive ecosystems as well as differences among seasonal deposition (Phillips et al., 2004) . In order to obtain these assessments, models need to incorporate our knowledge and understanding of the small-scale physical and chemical mechanisms that govern the presence of these species in the atmosphere (Krupa, 2003) .
Likewise, models are used as a deterministic tool in order to reduce the degree of ambiguity in deposition fluxes regionally, nationally, and globally.
In this study we utilize the United States Environmental Protection Agency's Models-3/Community Multiscale Air Quality (CMAQ) modeling system on a regional scale for North Carolina based on their demonstrated skill of simulating the relevant photochemistry processes, and meteorology processes, to yield grid-averaged concentrations, and deposition of nitrogen species. A process budget analysis (production and removal evaluation) of NO, NO 2 , and NO Y is conducted. We will consider in our model simulations the model's capability to evaluate various physical and chemical process contributions.
Furthermore, this nitrogen species production and removal evaluation can be extended to a quantification of the total nitrogen budget for North Carolina. We wish to quantify the fate of atmospherically deposited nitrogen during summer season in North Carolina terrestrial ecosystems (land and water). The portions of atmospherically deposited nitrogen, which reaches vegetation, soil, and water bodies are expected to be variable depending upon conditions and circumstances (time of year, precipitation, wind direction, wind speed, temperature, etc.). In order to gain insight into the factors controlling the total nitrogen budget we will consider modeled dry deposition rates of NO (nitric oxide), NO 2, HNO 3 and NH 3 , in conjunction with measured wet deposition rates of nitrate (NO 3 -) and ammonium (NH 4 + ). This study will address the relative magnitude associated with each component of the nitrogen budget specifically in North Carolina. In addition, we will make model assessments of atmospheric inputs (loading)
into the Neuse River Estuary in North Carolina. An accurate nitrogen budget for affected ecosystems in North Carolina (e.g. Neuse River) will allow abatement strategies the means to address the reduction of nitrogen loading. This study aims to improve the understanding of the spatial variability of these deposition fluxes with respect to the spatial distribution of the sources of nitrogen in North Carolina. This overall evaluation of nitrogen deposition for North Carolina is vital for regional atmospheric transport, transformation, and deposition modeling.
Overview of Model Systems
CMAQ is a comprehensive Eulerian air quality modeling and assessment tool constructed to function as part of a flexible and comprehensive chemistry/transport modeling framework which is modular (Jang et al., 1995; Dennis et al., 1996; Byun and Ching, 1999 CMAQ contains a detailed simulation of turbulent diffusion (horizontal and vertical) based on Ktheory, horizontal and vertical advection, natural and anthropogenic emissions, dry deposition, and photochemistry (mixing and attenuation of photolysis rates) (Gery et al., 1989; Kasibhatla et al., 1997; . The modeling system also employs a modified version of the CBM-IV chemical mechanism, which considers gas-phase chemical transformations. The U.S. EPA Biogenic Emission Inventory System 3 (BEIS3), a submodel compatible with the emissions inputs modeling system Sparse Matrix Operator Kernel Emissions (SMOKE), estimates biogenic emissions used within CMAQ (Geron et al., 1994) . Among other submodels compiled for SMOKE are mobile, area, and point source emissions. The Ozone Transport Assessment (OTAG) inventory for 1995 provides anthropogenic emissions (Houyoux et al., 1996) .
Model domain selection
The modeling domain was selected to adequately portray the conditions within North Carolina so as to estimate the NC nitrogen budget and thus the total deposition affecting the (Kang et al., 2003) .
Chemistry Mechanism
The chemical mechanism, compilation of chemical reactions where by atmospheric chemical species are used in CMAQ is the modified version of the Carbon Bond Mechanism IV (CB4) (Gery et al., 1989) . These modifications to the base mechanisms enhance the connections and representations between atmospheric aerosol and aqueous chemistry processes. The CB4 mechanism utilized by CMAQ consists of 36 species and 93 chemical reactions where nine primary organic species (directly emitted into the atmosphere) are specified in the mechanism representing carbon-carbon bond structures. Those species represented directly are ethene, isoprene, and formaldehyde (see Gery et al., 1989) .
Dry Deposition Scheme (Algorithm)
Dry deposition represents the removal of pollutants (airborne gaseous and particulate matter) from the atmosphere to the earth's surface (Arya, 1999; Byun and Ching, 1999) . The complexity of factors affecting the rate of transfer, deposition velocity (v d ), (such as physical, chemical, and biological), make it difficult to generalize the process. CMAQ adopts estimation methods of dry deposition from Wesley (1989) and Walcek (1987) . The following expression of deposition velocity is derived to compute the related flux of a particular pollutant to a specific surface:
Estimation of deposition velocities considers elements of meteorology and land-use/surface models (Walcek, 1987) . CMAQ characterizizes turbulence and stability using the aerodynamic resistance approach,
where the aerodynamic resistance (r a ) and the quasi-laminar boundary layer resistance (r b ) are parameterized based on surface roughness and friction velocity Xiu and Pleim, 2001; Wesley, 1989; Walcek, 1987; Wesley and Hicks, 1977) . Likewise, canopy (surface) resistance (r c ) is a function of insolation and season, land-use type, and surface wetness (Walcek et al., 1986) . 
Description of Data

Observed Data
Wet Deposition Data
Wet deposition of NH 4 + and NO 3 -was compiled from 8 
where C w is the precipitation-weighted mean (mg L 
Results and discussions
Limitations associated with Observations and Model Predictions
Model versus Observed Concentrations
Modeled Dry Deposition
In order to gain insight into the factors controlling the total nitrogen budget we will consider modeled dry deposition rates of NO, NO 2 , HNO 3 and NH 3 employing CMAQ, in conjunction with NADP measured wet deposition rates of NO 3 -and NH 4 + . This study will address the relative magnitude associated with each source of the nitrogen budget. An assessment of nitrogen deposition fluxes for affected ecosystems in North Carolina (e.g. Neuse
River Estuary is considered here) will allow abatement strategies the means to address the reduction of nitrogen loading.
Significant factors that influence the fate of exchange of a gas species between the air and earth's surface are gas concentration gradient between the air and surface, and the level of atmospheric turbulence and stability . These areas of concentrated animal farms contribute to large NH 3 emissions and subsequent dry deposition over a large region. Aneja et al. (1998 Aneja et al. ( , 2000 estimated that the total NH 3 emissions in NC from swine facilities is approximately 68,540 tons of nitrogen emitted annually whereas cattle, broilers, turkeys, and chickens combined emit 61,583 t N yr -1 . Seasonally, NH 3 concentrations are observed to be greater in spring and summer, when high temperatures, are responsible for increased microbial activity and volatilization rates of soils, fertilizers, and animal wastes from intensively managed agriculture (Aneja et al., 2000 (Aneja et al., , 2001a . Figure 6b shows that HNO 3 deposition fluxes are lowest in the eastern portion of the state possibly due to the gas to particle conversion (HNO 3 + NH 3 ) to ammonium nitrate (NH 4 NO 3 ).
HNO 3 deposition trends show the influence of a major highway with maximum deposition rates found along Interstate 85 and 95. North Carolina average HNO 3 dry deposition rate for summer 1999 is 35.24 ± 15.96 µg N m -2 hr -1 . The rate of conversion between the oxidation of reactive nitrogen to HNO 3 is highly variable, with a lifetime of hours to days depending upon source, season, meteorology, relative humidity, and photochemical activity (Logan, 1983) . (Figure 7d ) shows the effect of diurnal increase in temperature from sunrise (cresting at noon), which then begins to decline until collapsing in the late evening. This diurnal pattern follows the photochemical reactions within (NO 2 + OH) radical to form HNO 3 (increasing the oxidizing capacity), where OH reactivity is at its maximum during midday. The fate of HNO 3 is determined by its susceptibility to coalesce with either aerosols or water in the atmosphere and thus return to the earth's surface as acidic deposition.
The diurnal variation of NH 3 dry deposition shows two peaks, one in the morning, which can be explained in terms of increase in deposition velocity, while the reason for the second peak in deposition during the evening is unclear (Figure 7c resistance (r c ), which is a function of insolation and season, land-use type, and surface wetness (Walcek et al., 1986) , goes to zero . Noting that r a » r c , it is apparent that turbulence primarily influences the maximum possible deposition velocity or emission rate (Andersen et al., 1999) . Assuming that the gas is readily absorbed at the surface, r c = 0.
Therefore, during early morning hours after sunrise deposition tends to increase. After sunrise, throughout the day atmospheric mixing increases as temperature increases, promoting greater instability and boundary layer growth. CMAQ considers the effects of atmospheric stability and turbulence on deposition velocity of NH 3 through its parameterization in terms of friction velocity. Friction velocity, a measure of mean wind shear and shear-generated turbulence near the surface in both the canopy layer and above the canopy homogeneous surface layer, is found to be well correlated with dry deposition velocity, and is one of the most important variables (Arya, 1999) . During the second evening peak there may be a possible influence of dew forming with higher relative humidities, which has been shown to promote deposition under certain conditions (Andersen et al., 1999) . Therefore, this peak also shows the effect of other meteorological parameters (Sutton et al., 1994; Andersen et al., 1999) . ) which are secondary products resulting from NO and NO 2 , are considered to be principal compounds of nitrogen deposition (Huebert et al., 1988; Meyers et al., 1989 ).
Estimated nitrogen deposition
Estimated nitrogen deposition to the Neuse River Estuary
The Neuse River Estuary is approximately 16,000 km 2 and part of the second largest estuary system in the United States, namely the Albemarle-Pamlico Estuary System (Whitall and Pearl, 2001) . Biodiversity changes in this watershed are resulting in eutrophication in sensitive ecosystems promoting fish kills, microbial and algal decomposition (Pearl et al., 1998) . The
American Rivers Foundation has listed the Neuse River as one of the twenty most threatened riverine-estuarine systems in the U.S (Whitall and Pearl, 2001 ). Pearl and Whitall, 1999 15,026 (±5266) Mg yr -1 and 384.9 Mg yr -1 , respectively. Moreover, Whitall and Pearl (2001) only considered the contribution of wet deposition fluxes of nitrogen to the Neuse watershed, where seasonal wet deposition totals were greatest in spring (March-May) and summer (JuneAugust). Nitrate was the dominant nitrogen species found within measured wet deposition, similar to wet deposition estimated from NADP measurements for NC in the summer of 1999.
Therefore, in this study we utilize CMAQ model system to estimate the contribution of dry deposition to the Neuse River Basin. hr -1 and 17.1 (±7.32) µg N m -2 hr -1 , respectively. These predicted values of dry deposition offer a significant addition to deposition fluxes in the nitrogen budget for the Neuse River.
Conclusions
In this study U. 
